Precise, controllable single-molecule force spectroscopy studies of RNA and RNA-dependent processes have recently shed new light on the dynamics and pathways of RNA folding and RNAenzyme interactions. A crucial component of this research is the design and assembly of an appropriate RNA construct. Such a construct is typically subject to several criteria. First, single-molecule force spectroscopy techniques often require an RNA construct that is longer than the RNA molecules used for bulk biochemical studies. Next, the incorporation of modified nucleotides into the RNA construct is required for its surface immobilization. In addition, RNA constructs for singlemolecule studies are commonly assembled from different single-stranded RNA molecules, demanding good control of hybridization or ligation. Finally, precautions to prevent RNase-and divalent cationdependent RNA digestion must be taken. The rather limited selection of molecular biology tools adapted to the manipulation of RNA molecules, as well as the sensitivity of RNA to degradation, make RNA construct preparation a challenging task. We briefly illustrate the types of single-molecule force spectroscopy experiments that can be performed on RNA, and then present an overview of the toolkit of molecular biology techniques at one's disposal for the assembly of such RNA constructs. Within this context, we evaluate the molecular biology protocols in terms of their effectiveness in producing long and stable RNA constructs.
INTRODUCTION
RNA molecules can be divided into several classes that are responsible for a diverse set of metabolic and regulatory functions in vivo. As early as the 1940s, it was shown that RNA molecules are the carriers of the genetic information in tobacco mosaic virus (1) . Since then, many other viruses with RNA genomes have been reported in the literature (2) (3) (4) . In 1956, 'DNA-like RNA' was discovered (5) , which serves as an intermediate between DNA and proteins and was later renamed messenger RNA. Further identification and characterization showed that RNA molecules can perform a diverse set of biological reactions such as peptidyl transferase reaction, degradation and ligation of nucleic acids and recognition of metabolites (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Furthermore, a diverse class of short RNA molecules involved in the regulation of gene expression has recently emerged (18) (19) (20) (21) (22) .
A host of bulk biophysical techniques have been successfully applied to elucidate the thermodynamics and kinetics of these RNA-dependent processes. More recently, the biological importance of RNA has stimulated a wealth of single-molecule research. The single-molecule approach offers several advantages over ensemble studies. For example, single-molecule techniques enable sensitive micromanipulation of individual biomolecules (e.g. extension by force, supercoiling) (23) (24) (25) , which can be used to lay bare the states a molecule can adopt, or to precisely control its initial state. Also, by observing a single molecule or a single event, it is possible to measure individual fluctuations in thermodynamic or kinetic parameters, thus eliminating the averaging inherent in ensemble studies (26) . Furthermore, the amounts of sample required for single-molecule studies are usually far smaller than for ensemble studies (27, 28) . Finally, single-molecule detection can be used to investigate biological systems in vitro as well as in the living cell (29) (30) (31) . In this manner, single-molecule studies of RNA have provided new insights into the polymer physics of RNA (32, 33) , RNA folding (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) and enzyme-RNA interactions (44) (45) (46) (47) (48) (49) . For example, single-molecule force spectroscopy has been performed to measure the persistence lengths of both homopolymeric singlestranded RNA (ssRNA) (33) and random sequence of double-stranded RNA (dsRNA) ( Figure 1A ) (32) .
Elegant experiments based on optical tweezers have been carried out by Liphardt and coworkers (38) to measure the folding thermodynamics and kinetics of RNA hairpins ( Figure 1B and C). Similar experimental schemes have been used to investigate step-wise unwinding of an RNA hairpin by an RNA helicase ( Figure 1D ) (45) .
In order to study RNA and RNA-dependent processes with single-molecule force spectroscopic techniques, specialized RNA constructs have to be designed that differ from bulk RNA substrates in several respects: (i) singlemolecule force-spectroscopy studies can require long RNAs of lengths greater than $1 kb (32, 33, 38, 39, 50) ; (ii) the incorporation of modified nucleotides is often necessary at one or both ends of the RNA construct to immobilize the RNA to a surface or to suspend it between two surfaces, respectively; and (iii) the RNA construct is often composed of different sections that need to be assembled by hybridization or ligation. These specific requirements can present several difficulties for the assembly of an RNA construct. For example, the maximum length of RNA that can be chemically synthesized is often limited to $80 nt. The low yield of longer RNA oligomers renders non-enzymatic RNA synthesis unfeasible for such applications.
Enzymatic synthesis of RNA by viral polymerases provides an alternative, but the presence of termination signals and the limited processivity of RNA polymerase nonetheless substantially reduce the yield of RNAs longer than 10 kb. In addition, the yield of many enzymatic reactions necessary for the assembly of RNA constructs (e.g. RNA ligation) decreases considerably as the RNA length increases beyond $1 kb (51). A controlled joining of different sections of RNA construct presents additional challenges due to lack of RNA restriction enzymes (50) . Finally, due to the chemical nature of RNA and the prevalence of RNA-degrading enzymes special precautions need to be taken when working with RNA. High pH (>9), RNase contamination and/or the presence of divalent cations can decrease the yield of active RNA constructs and thus decrease the probability to observe the biophysical processes of interest. While RNases can be inhibited through the use of RNase inhibitors, the presence of divalent cations often cannot be avoided, since their presence is necessary for a variety of RNA-dependent processes (e.g. RNA folding, RNA polymerization). The limited selection of molecular biology tools for RNA construct synthesis and RNA sensitivity to degradation by RNases and divalent The experimental configuration used to measure the persistence length of dsRNA. The dsRNA is suspended between the magnetic bead and glass surface. At a given applied magnetic force, the distance between the glass surface and the magnetic bead is measured, yielding the force-extension curve. (B) An experimental configuration for single-molecule study of RNA hairpin unfolding by force or through the activity of an RNA helicase (38, 45) . The RNA hairpin is suspended between two beads. One bead is optically trapped while the other bead is held by a micropipette that can be moved with a nanometer precision to apply a force. (C) An example of a forceextension curve obtained during the RNA hairpin unfolding by externally applied force (38) . The force on the RNA construct is increased by moving the micropipette in the direction indicated. The RNA extension is obtained from measurement of distance between the centers of the two beads, corrected for the bead diameter. The RNA hairpin unfolding occurs at the point indicated by the red arrow. (Reprinted with the permission of Science Magazine and the original authors.) (D) An increase in RNA extension at constant force in the presence of RNA helicases (45) . The RNA construct extension is the result of RNA helicase binding to the bottom of the RNA hairpin (position 1) and subsequent unwinding of the RNA hairpin to produce a completely denatured RNA molecule (position 2). Between the binding of RNA helicase and complete denaturation of the RNA hairpin, several plateaus in the construct extension can be observed, suggesting pauses in helicase activity. (Reprinted with the permission of Nature Publishing Group and the original authors.)
cations make the design of suitable RNA constructs a challenging task. Here, we provide an overview of the toolkit available for RNA construct assembly, in particular for singlemolecule force spectroscopy techniques that require RNA molecules longer than those usually handled in bulk studies or in other single-molecule techniques such as FRET [the assembly protocols for other single-molecule techniques have been reviewed elsewhere (52, 53) ]. We focus on RNA construct design for magnetic and optical tweezers experiments, and illustrate techniques by examples from both the literature and our own results. This article is divided into several chapters. The first section gives an introduction to the basic design of the RNA construct for single-molecule studies, and defines the basic steps of the RNA construct assembly. Examples of RNA constructs from the literature are given to illustrate the type of experiments that can be performed. This is followed by sections that discuss RNA synthesis, labeling and joining of different sections of a ssRNA construct, which we have evaluated in our laboratory. A separate section is devoted to the assembly of dsRNA constructs, which includes a demonstration of the synthesis of dsRNA molecules longer than 15 kb and an evaluation of the ligation requirements for dsRNA molecules. To complete the overview of protocols, we discuss the methods for RNA construct isolation and purification. We conclude by describing the persisting challenges in the field of RNA construct assembly.
Throughout this article, we refer to the RNA under consideration either as an 'RNA molecule', or an 'RNA construct'. This is to distinguish building blocks (i.e. 'the RNA molecules') from the final product used in the experimental setup (i.e. 'the RNA construct'). Also, as mentioned above, RNA length is an important factor in most of the steps of RNA construct assembly, as it usually affects the yield of the enzymatic reactions. If an exact length of a specific RNA is not given, it is described with qualitative terms 'long' or 'short'. This is to indicate when the RNA length starts to affect the reaction yield of a particular step in the RNA construct assembly. The approximate length separating the 'long' and 'short' RNA is discussed for each step of the assembly process.
MATERIALS AND METHODS

3'-labeling of DNA and RNA oligomers with Terminal deoxynucleotidyl transferase
The dry pellets of DNA oligomer with a sequence 5 0 -GTACCGGCTGTCTGGTATGTATGAG-3 0 , and RNA oligomer with a sequence 5 0 -UCCGAUGGCUGGCUG CG-3 0 (Biolegio, The Netherlands) were re-suspended in 1Â TE to a final concentration of 500 mM. For every 3 0 -end labeling reaction, 10 ml reaction mixtures were prepared that contained 100 pmol of either DNA or RNA oligomer, 10 U of Tdt (Fermentas, Canada), 1Â Tdt reaction buffer (Fermentas, Canada) (200 mM potassiumcacodylate, 25 mM Tris, 1 mM CoCl 2 and 0.01% (v/v) TritonX-100, pH 7.2), and varying concentrations of dUTP (Roche, The Netherlands) or digoxigenin-labeled dUTP (Roche, The Netherlands). The reaction mixtures were incubated at 378C for 1 h, and subsequently denatured by the addition of an equal volume of 9 M urea. The denatured samples were loaded on a urea-denaturing PAGE (20% polyacrylamide, 8.3 M urea, 1Â TBE). The 3 0 -labeling efficiency was evaluated by staining the gel with SYBR Õ Gold (Invitrogen Molecular Probes, USA) and imaging the bands under the UV light.
Synthesis and hybridization of complementary ssRNA molecules
Two 4.1 kb and a 0.5 kb PCR fragments were generated using pBADb10 (a recombinant pBAD vector) encompassing the sequences from base pair 230 to base pair 4373, and base pair 230 to base pair 681, respectively. The PCR primers (Biolegio, The Netherlands) were designed to incorporate a T7 RNA polymerase promoter sequence at one end of each PCR fragment ( Figure S1 and Table S1 ). In the 4.1 kb PCR fragments, the T7 RNA polymerase promoter was inserted at position 230 or 4373 for the synthesis of the sense or antisense 4.1 kb ssRNA (4.1 kb ssRNA), respectively ( Figure S1 ). The T7 RNA promoter sequence was inserted at the position 681 in the 0.5 kb PCR fragment to yield a 0.5 kb ssRNA complementary to the 3 0 -end of the sense 4.1 kb ssRNA ( Figure S1 ). (The positions of the promoter sequence insertion refer to the base pair in the original pBADb10 vector.) Each 50 ml PCR reaction contained 0.01 U Phusion TM High-Fidelity DNA Polymerase (Finnzymes, Finland), 1Â Phusion TM HF (Finnzymes, Finland), 0.2 mM of each primer, 200 mM of each dNTP (Promega, USA), 3% DMSO and 5 ng of the pBADb10 vector. The PCR temperature cycling was programmed as suggested by the manufacturer with an annealing temperature of 558C. PCR fragments were purified with a NucleoSpin Õ Extract II clean-up kit (Macherey-Nagel, Germany). The lengths of the PCR fragments were confirmed on a 0.75% agarose gel.
In vitro run-off transcription of the three ssRNA molecules was performed with T7 RiboMAX TM Large Scale RNA Production System (Promega, USA) according to the manufacturer's protocol. The in vitro run-off transcription reactions were purified with RNeasy MiniElute Cleanup kit (Qiagen, USA). The aliquots of purified ssRNA were denatured with RNA Sample Loading Buffer (Sigma-Aldrich, USA) and loaded on a 0.75% agarose gel to confirm the length of the in vitro runoff transcripts. The concentrations of ssRNA transcripts were determined spectroscopically by measuring the absorbance at 260 nm using an extinction coefficient of 25 l cm À1 g À1 . To hybridize the complementary 4 kb ssRNA molecules, the sense and the antisense 4.1 kb ssRNA transcripts were mixed in a 1:1 molar ratio at a total ssRNA concentration of 2 mg per hybridization reaction. The same quantity of the sense 4.1 kb ssRNA was hybridized with 0.5 kb ssRNA at 1:1 and 1:4 molar ratios. The final ssRNA concentrations depended on the hybridization volume, which is noted below for each of the hybridization conditions. Hybridization reactions under aqueous conditions were carried out in 0.5ÂSSC (Promega, USA) supplemented with 1Â TE (Sigma-Aldrich, USA) (SSCTE buffer) with a final volume of 150 ml. Hybridization of the sense 4.1 kb ssRNA and 0.5 kb ssRNA was also performed in 150 ml 1Â TE. Hybridization reactions were also performed in a formamide-based buffer used by Liphardt and coworkers (38) . Briefly, 1 mg of sense 4.1kb ssRNA and 1 mg of antisense 4.1 kb ssRNA were re-suspended in 17.5 ml 1Â TE and mixed with 80 ml of the formamide buffer [prepared by mixing 100% formamide, 1 M EDTA (pH = 8.0), 1 M Pipes (pH = 6.3), and 5 M NaCl in a 400:1:20:40 volume ratio, respectively] (38).
Two different temperature programs were tested for hybridization. First, a 'gradual-cool' temperature program was adopted from Dekker and coworkers (50) (denaturation for 1 h at 658C followed by a hybridization step with 1.58C/5 min cooling rate with the final temperature of 258C). Second, a 'step-cool' temperature program was adopted from Liphardt and coworkers (38) (denaturation at 858C for 10 min, followed by 1 h incubation at 628C, 1.5 h incubation at 528C and finished with a cooling to 108C within 10 min.) Hybridization reactions were purified with the RNeasy MiniElute Cleanup kit (Qiagen, USA), and analyzed on a 0.75% agarose gel.
Synthesis of dsRNA constructs
Long random sequences of ssRNA were synthesized using polynucleotide phosphorylase (Pnpase) from Bacillus stearothermophilus (Sigma-Aldrich, USA). Four microgram of Pnpase was incubated in 100 mM Tris-HCl buffer (pH = 9), supplemented with 5 mM MgCl 2 , 0.4 mM EDTA and 0.04% w/v BSA with nucleotide diphosphates. The total nucleotide diphosphates (NDP) concentration was 20 mM. CDP, UDP, ADP and GDP at 9, 9, 1 and 1 mM, concentrations, respectively (Dr R. Tuma, personal communication). The total reaction volume of 200 ml was incubated at 378C for 15 min. The reaction mixture was purified with RNeasy MiniElute Cleanup kit (Qiagen, USA), and the ssRNA eluted with 20 ml 1Â TE. To obtain dsRNA, ssRNA was subsequently incubated with 5 mg of T6 P2 RNA-dependent RNA polymerase (Finnzymes, Finland) in the presence of 50 mM Tris-HCl (pH = 8.9), 80 mM NH 4 OAc, 2 mM DTT, 0.1 mM EDTA, 5 mM MnCl 2 and 2.5 mM of each NTP. The final reaction volume was 200 ml. The reaction was incubated at room temperature for 1 h and subsequently purified with RNeasy MiniElute Cleanup kit (Qiagen, USA) and loaded on a 0.75% agarose gel. 15-20 kb dsRNA was then gel-extracted using a TAKARA Recochip (Takara Bio, Japan). AFM images of the gel-extracted dsRNA on a Ni-coated mica surface were taken as previously described (46) .
Intramolecular ligation of 5'-overhangs in dsRNA molecules
The sense and antisense 4.1 kb ssRNA were synthesized as described above. In addition, an antisense 4.1 kb ssRNA with an eight-base extension at its 5 0 -end (5 0 -GGGCUACC-3 0 ) was transcribed from a PCR fragment as described previously by Dekker and coworkers (50) . Briefly, a forward primer used for the PCR fragment of the antisense 4.1 kb ssRNA was modified to include a 5 0 -GCTACC-3 0 sequence between the T7 promoter sequence and the sequence complementary to the pBADb10 vector (Table S1 ). The reverse primer was the same as the one used to obtain the PCR fragment for the antisense 4.1 kb ssRNA. The 5 0 -extended antisense 4.1 kb ssRNA was alternatively transcribed in vitro in the absence or in the presence of GMP as described by Doudna and coworkers (54) 
RNA CONSTRUCT ASSEMBLY FOR SINGLE-MOLECULE FORCE SPECTROSCOPY STUDIES
As illustrated by the examples in Figure 1 single-molecule force spectroscopy can be used to sensitively monitor and manipulate RNA molecules and RNA-dependent processes. We now describe the general principles underlying the assembly of suitable RNA constructs. For force spectroscopy, molecules are typically tethered on both ends to allow the application of force. Therefore, an RNA construct can be divided into a central section and two terminal sections ( Figure 2A ). The central section contains the RNA sequence that is to be investigated experimentally in terms of its mechanical properties or its interactions with other biomolecules such as proteins or small ligands. The two terminal sections, commonly referred to as 'handles', are necessary to suspend the RNA construct between the two attachment points [i.e. a glass surface and a magnetic bead in the magnetic tweezers, a glass surface and a small gold particle for the analysis of tethered particle motion (TPM), or two beads in the optical tweezers] ( Figure 2B ). The attachment of the RNA construct to the glass surface or beads is facilitated by formation of bonds between molecules immobilized on the surface and their ligands incorporated in the terminal sections. Each terminal section has to incorporate a unique ligand to allow for controlled anchoring of the RNA construct to the two surfaces ( Figure 2B ). The terminal section can be labeled with a single or multiple surface-binding molecules ( Figure 2C and D) (38, 50) . Multiple surface-binding molecules are often needed to increase the stability of anchoring of the RNA construct at high forces. In special cases, single-molecule applications do not require labeled terminal sections on both ends of the central section. For example, force spectroscopy measurements in which forces are applied via the intermediaries of fluid flow or electric fields, as in optical tweezers measurements combined with flow or with nanopores, can be performed with a labeled terminal section attached to only one end of the central section (55, 56) . A second example is the case in which the second extremity of the nucleic acid is tethered via the intermediary of surface-immobilized molecular motors (e.g. polymerases, helicases, transferases), in which case a labeled terminal section at only one end of the construct suffices (44, 57) .
Different protocols have been reported in the literature to assemble RNA constructs (32, 33, 38, 39, 45) . These protocols can be divided into several steps that are the focus of this review: (i) Synthesis of the central section of the RNA construct; (ii) synthesis of labeled terminal sections of the RNA construct; (iii) joining of the central and terminal sections of the RNA construct and (iv) isolation and purification of the final RNA construct. While the above four steps describing the assembly of RNA constructs may seem straightforward, many single-molecule studies impose a complication, namely the RNA construct length. Here, we present each step in RNA construct assembly and point out limitations arising from this particular constraint. For simplicity, we first discuss the complete assembly of RNA constructs for studies of ssRNA, and subsequently generalize this to include the assembly of dsRNA constructs for single-molecule experiments.
THE CENTRAL SECTION SYNTHESIS FOR SSRNA CONSTRUCT
The central section of the ssRNA construct may be several kilobases (kb) in length, in part, because the central section is usually extended at both ends to provide for subsequent attachment of the labeled terminal sections ( Figure 2C ). Two main experimental approaches have been adopted for the synthesis of such long central sections; in vitro run-off transcription with RNA polymerase (32, 38, 39) , and polymerization of NDP using Pnpase (33). In vitro run-off transcription has been used in the synthesis of the central sections shorter than 10 kb, and in the synthesis of central sections that contain specific sequences (e.g. naturally occurring RNA sequences, RNA structural motifs) (38, 39, 45) . In contrast, Pnpase has been used to synthesize central sections longer than 10 kb, but could be adopted only for random or homopolymeric RNA sequences (33) (Dr R. Tuma, personal communication). Alternatively, the central section that contains only the naturally occurring RNA sequence and does not require any sequence extensions for subsequent attachment of the labeled terminal sections can be isolated directly from its biological source (34) .
DNA templates for in vitro run-off transcription of the central section of the ssRNA construct
In vitro run-off transcription is most frequently used to synthesize the central section of the ssRNA construct. In this case, the first step is the design of a DNA fragment that serves as a template for in vitro run-off transcription. The optimal strategy for obtaining this DNA template depends on the type of RNA sequence desired. Cloning of a DNA sequence into a plasmid is commonly used to study short, naturally occurring RNA sequences with a specific biological function (e.g. ribozyme, t-RNA) or to produce a central section of a ssRNA construct that folds into a specific RNA structural motif (e.g. a hairpin) (38, 39, 45) . In contrast, a transcription termination signalfree section of a plasmid sequence is usually sufficient to generate kilobase-long central sections that can be used to study polymer properties of RNA (e.g. persistence length) (32) . These two basic approaches require different protocols that we now discuss.
Most of the single-molecule studies of naturally occurring RNA sequences and structural motifs take advantage of the protocol developed by Liphardt and coworkers (38) to obtain DNA templates for in vitro runoff transcription. First, two synthetic DNA oligomers are hybridized to form a primary DNA fragment containing the sequence of interest in the center and two different restriction overhangs at the respective ends. The primary DNA fragment is then cloned into a plasmid that has been doubly digested to yield overhangs complementary to the overhangs of the primary DNA fragment. Finally, an RNA-polymerase promoter sequence for in vitro run-off transcription (Table 1) is inserted upstream of the cloned sequence by PCR to yield a secondary DNA fragment. The choice of primers in this PCR step determines the extent to which the final RNA sequence extends up-and downstream of the cloned primary DNA fragment. These extensions at the ends of the central section enable subsequent joining of the labeled terminal sections of the ssRNA construct (please, see below for the discussion on labeling of ssRNA constructs) (38, 39) . This approach has been limited to relatively short, naturally occurring sequences and RNA structural motifs (<120 bp) due to the length limitations of the chemical synthesis of DNA oligomers. To circumvent this problem, Mangeol and coworkers (39) have chosen to clone cDNA sequences obtained from the RNA to be studied. Once the cDNA sequence was cloned into a plasmid, the secondary DNA fragment was obtained as in the protocol described above. This approach was successfully applied to study the unfolding and refolding of 173 and 735 nucleotide long fragments of 23S Escherichia coli ribosomal RNA (39) .
A simplified DNA template synthesis scheme can be utilized for single-molecule studies that do not require a specific naturally occurring RNA sequence or structural motif. In order to produce these central sections by in vitro run-off transcription, it is common to amplify a section of a plasmid with PCR using a pair of primers, one of which contains an RNA-polymerase promoter sequence at its 5 0 -end (32, 39, 50 In vitro run-off transcription of the central section of the ssRNA construct
In vitro run-off transcription of RNA from the DNA template is routinely carried out using viral RNA polymerases (e.g. T7 or SP6 RNA polymerase). Viral RNA polymerases have a number of advantages: (i) the ability to transcribe in the absence of transcription factors; (ii) selective transcription initiation from well-defined promoter sequences and (iii) high polymerization rates (63) . However, there are also several known issues that need to be considered when in vitro run-off transcription of ssRNA molecules is performed. For instance, viral RNA polymerases tend to initiate transcription from within the promoter sequence (Table 1) . This results in an extension of the RNA transcript at its 5 0 -end by an RNA sequence of a defined length and base composition (64, 65) . Furthermore, viral RNA polymerases are known to add a random number of nucleotides to the 3 0 -end of the RNA transcripts (65) (66) (67) (68) . The exact sequence composition and length of the 3 0 -end extension are not known, although the relative base composition of the 3 0 -extension can be influenced by the relative concentrations of the free nucleotides during the in vitro run-off transcription (data not shown). Several protocols have been developed in bulk studies to overcome this limitation and obtain well-defined The bolded base indicates the first nucleotide to be transcribed by a given viral RNA polymerase. The bases downstream from the TATA box are often not reported as part of the promoter sequence. However, these bases often influence the promoter strength. The reported bases are known to enhance the promoter strength.
3 0 -ends. First, the random extension at the 3 0 -end has been corrected with site-specific RNase H cleavage, stimulated by the hybridization of a short oligomer to the cleavage site (69) (70) (71) (72) (73) (74) . Also, cis-or trans-acting ribozyme sequences have been attached to the 3 0 -end of the RNA transcripts to obtain homogenous 3 0 -ends after in vitro run-off transcription (75) (76) (77) . However, these sitespecific RNase H cleavage and ribozyme sequences have only been used successfully with high specificity for editing the 3 0 -ends of RNA transcripts shorter than 1 kb (69, (75) (76) (77) . In the case of RNase H cleavage, the presence of RNA secondary structure can prevent specific binding of short oligomers to the cleavage site (69) . In addition, the folding of the ribozyme sequence into its active structure may be less efficient when attached to an RNA sequence longer than 1 kb (77) . Therefore, to prevent the random 3 0 -end extension of RNA transcripts longer than 1 kb, a more successful strategy may be the use of a DNA template obtained with a reverse PCR primer that contains 2 0 -methoxyl modifications at its last two 5 0 nucleotides. In this case, random nucleotide addition by T7 RNA polymerase should be prohibited (78) . In addition to the terminal extensions of the in vitro runoff transcripts, abortive transcripts are a common problem associated with in vitro run-off transcription. In the absence of the transcription termination sites on DNA template and nascent RNA, most of the commercially available viral RNA polymerases readily transcribe DNA templates of up to 10 kb in length. The abortive transcripts are produced when transcription termination sites are present on the DNA template and/or nascent RNA. Furthermore, limited RNA polymerase processivity can also cause the occurrence of the abortive transcripts. Thus, the onset of abortive transcription depends on the type of RNA polymerase used to transcribe RNA as well as on the particular plasmid from which the DNA template is derived.
Polymerization of long random and homopolymeric central sections of ssRNA constructs
An alternative synthesis scheme can be used to obtain ssRNA molecules of up to 20 kb in length, provided a known RNA sequence is not required. This scheme relies on the use of the Pnpase enzyme for the synthesis of the central section of the ssRNA construct (33) . Although Pnpase functions in vivo as an RNA exonuclease (79, 80) , it has been used in vitro to polymerize NDP into long RNA polymers in a primer-independent fashion (33, 81, 82) . When the Pnpase is provided with only one type of NDP, the enzyme will generate a homopolymer. Alternatively, an incubation of the enzyme with all four NDPs will generate random RNA sequences. While the advantage of Pnpase over RNA polymerases is its ability to synthesize RNA molecules longer than 10 kb, Pnpaseassisted RNA synthesis results in a wide distribution of RNA molecule lengths. The resulting absence of welldefined lengths can present difficulties in characterizing RNA molecules in the single-molecule experiment (33)
LABELING OF THE TERMINAL SECTIONS OF THE ssRNA construct
Having described the techniques that can be used to synthesize the central section of the ssRNA construct for use in single-molecule force spectroscopy experiments, we next address the introduction of labeled terminal sections for tethering of such RNA molecules to the glass or bead surfaces (Figure 2A and B) . The anchoring of each terminal section of the ssRNA construct is achieved by the formation of a strong bond between the surfaceimmobilized molecule and its ligand in the terminal section. The most commonly used bonds are those between digoxigenin and its monoclonal antibody (i.e. antidigoxigenin) or between biotin and streptavidin. The surface is usually coated with either antidigoxigenin or streptavidin, whereas the corresponding terminal sections of the ssRNA constructs are labeled with digoxigenin or biotin, respectively. As an alternative, fluorescein-labeled RNA molecules have been recently used for immobilization on an antifluorescein-coated surface (34) . Even though Lambert and coworkers (34) applied the fluorescein-labeled RNA in the context of a TPM experiment in the absence of applied force, it has been used in DNA single-molecule force spectroscopy experiments (83, 84) .
Labels in the terminal sections of the ssRNA construct are introduced by incorporating digoxigenin-or biotinmodified nucleotides into its terminal sections. The terminal section of ssRNA construct are principally obtained in three ways: (i) chemical modifications of the 3 0 -and 5 0 -end of the central section can be utilized for the attachment of a variety of labels (e.g. biotin) (34, (85) (86) (87) , (ii) by direct enzymatic extension of the 3 0 -and 5 0 -ends of the ssRNA construct central section itself with modified nucleotides or (iii) by the hybridization of a labeled RNA or DNA complementary to the ends of the central sections ( Figure 2C ).
Chemical labeling of the central sections of ssRNA construct
A selective 3 0 -or 5 0 -end chemical labeling of the ssRNA central section has been the least utilized way of RNA constructs labeling in single-molecule force spectroscopy experiments. However, this method holds several advantages over the more common enzymatic labeling and hybridization of complementary labeled strands discussed below, namely high efficiency even at ssRNA lengths longer than 1 kb, and insensitivity to the sequence at the end of the central section.
Chemical labeling consists of two steps (34, (85) (86) (87) . First, the 3 0 -or 5 0 -end of the ssRNA central section is chemically activated. In a subsequent step, a chemically activated label is attached to the activated end of the ssRNA central section. The most common chemical activation of 3 0 -end of ssRNA is periodate oxidation, resulting in a cis-diol ribose modification at the 3 0 -end (85, 86) . The cis-diol ribose modified 3 0 -end then readily reacts with hydrazide-activated labels such as biotinamidocaproyl hydrazide (85, 86) . The 5 0 -end labeling of the ssRNA construct can be carried out with initial chemical activation of the 5 0 -end in the presence of carbohydrazide and EDC (1-ethyl 3-(3-diethylaminopropyl)carbodiimide), followed by a reaction with isothiocyanate derivative of the label of interest (34, 87) . These chemical labeling protocols have been successfully applied to 3 0 -and 5 0 -labeling of 1.6 kb long 16S rRNA from E. coli and synthetic polyU ssRNA molecules of up to 5.5 kb (34) . Direct labeling is possible for both the 3 0 -and 5 0 -ends of RNA molecules. The 3 0 -end of the central section can be extended with a single modified nucleotide by using Pap in the presence of a 3 0 -deoxy version of the modified nucleotide which, following its incorporation, prevents any further addition of modified nucleotides at the new 3 0 -end (89). This reaction typically has an efficiency of $50% for RNA oligomers (data not shown) (89) . Similarly, the enzyme Tdt has also been reported to be able to attach labeled deoxynucleotides at the 3 0 -end of RNA oligomers with at least 50% efficiency ( Figure 3A ) (90) . Our experiments indicate however, that the Tdt labeling efficiency of RNA oligomers is consistently below 10% ( Figure 3B ). While Tdt efficiently adds multiple modified or unmodified deoxynucleotides at the 3 0 -end of DNA oligomers (Lanes 2 and 3 in Figure 3B , respectively), it exhibits poor modification yield for RNA oligomers even at higher concentrations of deoxynucleotides (Lanes 4-8 in Figure 3B ). It should be noted that in the case of RNA oligomers an intriguing higher modification yield is observed with modified compared to unmodified deoxynucleotides ( Figure 3B ). The 5 0 -end of ssRNA molecule can be labeled using T4 RNA ligase 1 (88) . The labeling efficiency of this method is $50% for RNA oligomers (88) .
Hybridization of labeled complementary ssRNA and ssDNA to the ends of the central section of ssRNA construct An alternative to the enzymatic labeling of the central section of the RNA construct is the hybridization of labeled complementary ssRNA or ssDNA to the ends of the central section ( Figure 2C ). While the enzymatic labeling of the central section is the faster alternative, it can suffer from low yield due to the length of the central section. Such low yield can be problematic since an incomplete enzymatic modification of ssRNA construct termini may result in a low yield of tethered ssRNA constructs in TPM or tweezers measurements, where one end of the construct binds to the bead and the opposite end is left unlabeled and free to attach to a surface-immobilized protein. In this type of an experimental setup, the yield of tethered constructs would be decreased by unlabeled construct competition for the binding to the surface-immobilized motors (44) .
Labeling via hybridization consists of two steps: (i) synthesis of complementary ssRNA or ssDNA with modified nucleotides or deoxynucleotides, respectively, and (ii) hybridization of the complementary strands to the ends of the central section of the RNA construct. The labeled ssRNA or ssDNA molecules must be shorter than the central section itself (Figure 2C ). The labeled ssRNA and ssDNA experimentally used are typically 500-2000 bp in length. This provides the stability required in tweezers experiments in the presence of applied forces and/or low loading rates (39, 91) . Labeling via hybridization offers a greater degree of flexibility since the labeled molecules can contain single or multiple modified nucleotides. Synthesis of the complementary ssRNA transcript with a single modified nucleotide is carried out enzymatically as described above for the central section of the ssRNA construct. The complementary ssRNA labeled with multiple modified nucleotides is obtained by in vitro run-off transcription in the presence of modified nucleotides (32, 50) . Similarly to the complementary ssRNA, ssDNA can be labeled with a single or multiple modified deoxynucleotides. The labeling of the ssDNA with a single modified nucleotide at the 3 0 -end can be obtained by labeling of the corresponding dsDNA with Tdt prior to denaturation (92) . Alternatively, 3
0 -end labeling of ssDNA can be achieved by performing a replacement reaction on a corresponding dsDNA using T4 DNA polymerase (38) . Labeling of ssDNA with a single modified deoxynucleotide at the 5 0 -end can be obtained by labeling of the corresponding dsDNA with T4 RNA ligase 1 (RNL1) prior to denaturation (88, 90) . More commonly however, the 5 0 -labeled PCR primers can be used to obtain a 5 0 -labeled dsDNA, which is denatured in the subsequent step to obtain a 5 0 -labeled complementary ssDNA (38) . To obtain ssDNA with multiple modified nucleotides, a PCR is performed in the presence of modified deoxynucleotides to obtain dsDNA (93) . The ssDNA required is produced by denaturing the dsDNA during the subsequent hybridization step (see subsequently).
Hybridization of the labeled complementary ssRNA or ssDNA to the ends of the central section of the RNA construct is subsequently performed. The basic protocol for the hybridization of complementary ssRNA or ssDNA to the central section of the RNA construct starts with a denaturation step followed by the actual hybridization. The denaturation of labeled ssRNA and dsDNA requires temperatures above 608C and can be promoted by the presence of denaturing agents such as formamide (94) . The subsequent hybridization is usually achieved by slow cooling from the denaturing temperature to the ambient temperature, which promotes the formation of the thermodynamically stable state of RNA:RNA or DNA:RNA hybrids between the ends of the central section and labeled complementary single-stranded nucleic acids. The higher thermodynamic stability of DNA:RNA compared to DNA:DNA allows for the formation of DNA:RNA hybrid when labeled dsDNA is used in formamide-based buffers (94) (95) (96) (97) . At the high temperatures required for the denaturation, care must be taken to avoid degradation of RNA. The presence of chelating agents (e.g. EDTA, sodium citrate) is essential to prevent RNA hydrolysis by trace amounts of divalent ions (98) (99) (100) (101) . RNA degradation by RNases is typically avoided through the use of commercially available RNase inhibitors, but this does not apply in the case of hybridization, as most of the commercially available RNase inhibitors are inactivated at temperatures above 608C. In this case, care must be taken to use only RNase-free materials.
Several different RNA hybridization protocols have been applied in single-molecule research (32, 38, 39, 50) . They differ in the composition of the denaturing buffer as well as in the cooling rate used for the hybridization step. A comparison of the denaturing buffer and the cooling rate effects on hybridization of complementary 4.1 kb long ssRNA molecules is shown in Figure 4A . It can be concluded that the complementary RNA molecules hybridize equally well in aqueous-based and formamidebased buffers, as judged by the identical electrophoretic mobilities of hybridization products ( Figure 4A ). The two temperature programs reported in the literature (38,50) also did not notably affect the final result of hybridization as judged by agarose gel electrophoresis (Lane 1 versus Lane 2, and Lane 3 versus Lane 4 in Figure 4A ). Conversely, the molar ratio of complementary RNA strands did influence the efficiency of the reaction. Figure 4B shows that the efficiency of hybridization reaction of a 0.5 kb ssRNA to a section of 4.1 kb ssRNA is higher when the short strand is in a molar excess regardless of the denaturation buffer used in the reaction.
An ssRNA construct obtained with the hybridization protocol discussed above has been used successfully in the force-extension experiments employing terminal sections with a single modified nucleotide each (38, 39) . This is not surprising as the high rapture forces of streptavidin-biotin, digoxigenin-monoclonal antibody pairs enable the ssRNA construct with a single modified nucleotide to resist forces up to 100 pN (102-106).
JOINING CENTRAL AND LABELED TERMINAL SECTIONS OF THE SSRNA CONSTRUCT BY LIGATION
Ligation of the single-stranded central and labeled terminal sections with RNA Ligase 1 (RNL1) can represent an alternative to labeling of the ends of the central section, which often exhibit low efficiency for long ssRNA molecules. In addition, ligation can substitute for hybridization of complementary ssRNA or ssDNA to the ends of the central section, if completely ssRNA construct is required (e.g. measurement of the persistence length of ssRNA). An overview of possible ligation reactions performed by RNL1, which catalyze the formation of a phosphodiester bond between the 3 0 -OH and 5 0 -monophosphate termini of nucleic acids, is given in Table 2 . The 3 0 -and 5 0 -ends of two ssRNA molecules can be ligated by an intermolecular reaction using RNL1 (107, 108) . The efficiency of this reaction decreases with an increase in ssRNA length and hence often requires high concentrations of the substrate molecules (107, 108) . Fortunately, the rate of ligation of two ssRNA molecules can be increased, if a DNA splint is used to bring the 3 0 -and 5 0 -end of the two ssRNA molecules into close proximity prior for ligation with RNL1 to form an RNA loop structure (51, 107, (109) (110) (111) (112) . An alternative way to increase the rate of ligation is Y-ligation (Table 2 ) (107) . Briefly, the 3 0 -and 5 0 -end of two ssRNA molecules are hybridized to obtain a short stem structure with free 3 0 -and 5 0 -ends. In the Y-ligation step, the free 3 0 -and 5 0 -ends are joined by RNL1 to form an RNA loop structure (113) . The length of the resulting RNA loop should not exceed 15 nt (113) .
When ligating RNA molecules synthesized by in vitro run-off transcription, it should be kept in mind that while the viral RNA polymerases create a 3 0 -OH at the end of RNA transcripts, they yield a triphosphate at the 5 0 -end of the RNA transcript. This 5 0 -triphosphate can be removed after in vitro run-off transcription by use of calf intestinal phosphatase (CIP) and then the desired monophosphate moiety is added by a kinase (32, 50) . Alternatively, the in vitro run-off transcription reaction can be supplemented with an excess of nucleotide monophosphate (NMP) corresponding to the first transcribed nucleotide (54) . For example, GMP was added in a 20-time molar excess compared to GTP in a transcription reaction with T7 RNA polymerase (45) . The 20:1 molar excess of GMP to GTP ensures a 95% yield of transcripts with a monophosphate at their 5 0 -end, assuming equal binding affinity and reaction kinetics for the two nucleotides (54) .
DOUBLE-STRANDED RNA CONSTRUCTS
So far, the assembly of ssRNA constructs has been discussed due to its importance in single-molecule studies The directionality of the ligated nucleic acid strands are denoted by the non-ligated end of each strand. 'Ligation type' column includes a common name for a particular ligation reaction and RNA ligase type to be used for a particular ligation. RNA Ligase 1, and RNA Ligase 2 are abbreviated with RNL1 and RNL2, respectively. The 'Ligation structure' column provides a schematic representation of the RNA structure to be ligated. The 'Ligation conditions' column lists the combinations of nucleic acids resulting in an efficient ligation (107, 109) .
of naturally occurring ssRNA sequences and RNA structural motifs. However, the interest in dsRNA has steadily grown in recent years, prompted by a growing appreciation of dsRNA as an important molecule in the cellular regulatory processes (18) (19) (20) (21) (22) . As in the case of ssRNA constructs several different protocols have been applied to obtain dsRNA constructs for single-molecule studies. Dekker and coworkers (32, 50) have obtained $8-kb long dsRNA by in vitro run-off transcribing the antisense and sense RNA strands from the same DNA fragment with a subsequent hybridization to form a dsRNA under the solution conditions discussed above.
The length of these dsRNA molecules is limited by the same factors affecting ssRNA in vitro run-off transcription. To circumvent the limits of in vitro run-off transcription, we have recently used RNA-dependent RNA polymerase (RdRP) to obtain a dsRNA molecule longer than 8 kb by using ssRNA molecule obtained with Pnpase as a template ( Figure 5A ). Using this scheme, the products of the Pnpase polymerization reaction were used to obtain dsRNA molecules (Lane 2 in Figure 5B ). The dsRNA molecules between 15 and 20 kb in length were then gel-extracted (Lane 3 in Figure 5B ) and imaged with AFM to verify their lengths ( Figure 5C ). The combined use of Pnpase and RdRP for the synthesis of dsRNA constructs longer than 10 kb ( Figure 5A ) does not enable a control over the final sequence of dsRNA since it can be used only to synthesize homopolymeric or random dsRNA sequences. This limits the use of these dsRNA construct to studies that require either a homopolymeric RNA sequence or permit the use of an unknown random RNA sequence.
Terminal sections of the dsRNA constructs
By analogy with the methods used to assemble DNA constructs for single-molecule manipulation (114) , the addition of terminal sections to a dsRNA construct has been achieved by ligation of one double-stranded terminal section to each end of the double-stranded central section of the RNA construct. This is most effectively accomplished using RNA Ligase 2 (RNL2) ( Figure 2D ) (50) , which has a higher affinity than RNL1 for nicked dsRNA substrates (115) . The double-stranded terminal sections were labeled with multiple modified nucleotides on both strands ( Figure 2D ) (50) . One end in each terminal section was engineered to contain an overhang that was complementary to the one of the engineered overhangs on the double-stranded central section ( Figure 2D ) (50) . After hybridization of the complementary overhangs, the junctions were sealed with RNL2 ( Figure 2D ). Figure 6A shows an agarose gel of unligated control and products of a ligation of a double-stranded central section and two double-stranded terminal sections through complementary overhangs using RNL2. The additional two bands with lower electrophoretic mobility in Lane 3 represent the two products of the ligation reaction, namely the 4.1 kb dsRNA with 0.5 kb dsRNA ligated to one or both of its ends ( Figure 6A ). Comparison of Lane 2 with Lane 3 in Figure 6A suggests that the ligation reaction did not go to completion, as unligated product was still The 21 kb double-stranded DNA band is indicated; 2, dsRNA products of the RdRp replication reaction. The length of synthesized dsRNA varies from several hundred base pairs to molecules longer than 15 kb. This is due to de novo initiation of Pnpase polymerization that yields a broad length distribution of ssRNA molecules in the first step of the reaction scheme in (A) 3, the gel-extracted dsRNA. The range of RNA lengths extracted is indicated by the white rectangle in Lane 2.
(C) A representative AFM image of the gel-extracted dsRNAfrom Lane 3 in (B). The gel-extracted dsRNA was adsorbed on a Ni-functionalized mica surface and imaged as described in the Materials and Methods section. We measured an average dsRNA length of 5 mm, which corresponds to the length of $15 kb dsRNA. The scale bar represents 1 mm.
observed. There are several factors that can decrease the yield of ligation of the terminal and central sections of the dsRNA construct, including: (i) low rate of ligation due to a low concentration of the overhangs; (ii) a folding of the complementary overhangs back onto themselves into hairpins, thus producing an intramolecular nick which can be sealed by RNL2; (iii) the presence of random extensions at the 3 0 -end of the terminal and central sections as a result of imperfect viral RNA polymerase transcription. These extensions would yield an imperfect junctions, that have been shown to be poor substrates for RNL2 (112) and (iv) partial digestion of the complementary overhangs during the ligation reaction would result in an unstable junction or in a gapped junction, that has been shown to be a poor substrate for RNL2 (112) . In this particular case, the incomplete ligation reaction is not due to the low concentration of overhangs, as the yield of the ligation reaction did not increase with longer reaction times (data not shown). Furthermore, the intramolecular hairpin ligation did not affect the yield of intermolecular ligation during the ligation time as the yield of intramolecular ligation of a 4.1 kb dsRNA with a 5 0 -overhang at one end was negligible. This was suggested by the low intensity of 8.2 kb long ssRNA (Lane 3 in Figure 6B ) that would result from such an intramolecular ligation. It is thus possible that the random 3 0 -end extensions and/or overhang digestion decreased the yield of the dsRNA ligation reaction. If the digestion of the overhangs results in a low yield of the intermolecular ligation reaction, an increase in the RNL2 reaction rate may prove effective. This can be accomplished by using RNA:DNA hybrids as the double-stranded terminal sections, as these have been shown to present a more efficient substrate for RNL2 activity than RNA:RNA junctions (Table 2 ) (115).
ISOLATION AND PURIFICATION OF RNA MOLECULES AND CONSTRUCTS
As we have shown above, the assembly of RNA constructs for single-molecule measurements is a process that consists of several steps, typically requiring purification after completion of each step. In addition, it can be advantageous to isolate the final RNA construct from a complex mixture of side products of RNA construct assembly. The isolation and purification protocols for RNA molecules and constructs reported in the literature are almost exclusively based on agarose gel-extraction and ethanol precipitation, respectively. (116) . The stability of RNA molecules and constructs during all these purification and isolation procedures should always be given consideration. Usually, the addition of RNase inhibitors for inactivation of RNases (e.g. RNasin) and the addition of EDTA for chelation of the divalent cations is sufficient to prevent appreciable RNA degradation. Agarose gel extraction is the most common way of RNA construct isolation. Once a gel slice containing the desired RNA molecule or construct has been selectively cut out of the gel, the RNA can be extracted by centrifuging a crushed gel slice at high speed, which sediments the gel particles while RNA remains in the supernatant (117) . Alternatively, the polymerized agarose can be enzymatically digested to release the RNA construct into the solution (118) . Several precautions must be noted with gel separation and extraction. First, the yield of agarose gel-extraction strongly depends on the length of the RNA construct. In addition to the length of the RNA molecule, we find that the isolation of dsRNA exhibits higher yields and lower degrees of RNA degradation compared to the ssRNA molecules, presumably due to higher stability of dsRNA. Certain homopolymeric sequences of ssRNA cannot be detected on agarose gels due to their poor staining with standard nucleic acid dyes. Agarose gel electrophoresis results in poor length separation for solutions with wide and continuous RNA length distributions as in the case of Pnpase polymerization products. In cases where gel extraction results in a low yield, HPLC has been shown to be a plausible alternative (Dr R, Tuma, personal communication).
CONCLUSIONS
RNA is involved in many of the most important processes in biology. The ability to make stable and active RNA constructs for single-molecule experiments enables one to complement RNA bulk studies by taking the advantage of the unique property of single-molecule techniques to measure the properties of the biological processes in the absence of ensemble averaging. We have both discussed and analyzed a number of protocols and molecular biology tools for the assembly of RNA construct that have been successfully used to study RNA and RNArelated processes on a single-molecule level. Many relevant RNA properties and RNA-dependent processes have thus been investigated on a single-molecule level (32, 33, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) , however many still remain relatively unexplored at the single-molecule level (e.g. protein translation). Currently, the scope of many RNA single-molecule studies is limited by the inability to synthesize ss-or dsRNA molecules of known sequence that are longer than 10 kb. The progress in the molecular biology of RNA should thus focus on further increasing the maximum length of the attainable RNA of a known sequence.
Recently a subsequent use of in vitro run-off transcription and replication with RdRP has been used by Bamford and coworkers to synthesize long dsRNAs. This protocol successfully reduces the effect of termination signals on the maximum length of attainable dsRNA by requiring only one of the two RNA strands to be transcribed in vitro.
Consequently, ssRNA and dsRNA of known sequences have an identical length limit, determined by the presence of the termination signals on the transcribed strand and DNA fragment used for transcription. Nevertheless, some single-molecule experiments may require even longer RNA molecules of known sequence (e.g. optical tweezers combined with nanopores). Furthermore, a higher efficiency of labeling with the modified nucleotides and higher RNA stability under RNA construct assembly conditions (i.e. hybridization temperatures above 608C) should prove beneficial for high-throughput single-molecule studies. Several commercial RNase inhibitors have been optimized to provide for RNA stability at temperatures above 608C (e.g. RNasin), however they are guaranteed their efficiency only for a limited reaction time. In addition to RNases and divalent cations, RNA construct stability can also be affected by the interaction with glass and bead surfaces, which has not been systematically investigated.
